Abstract-In this letter, silicon carbide MOSFET-based integrated circuits have been designed, fabricated, and successfully tested from −193°C (80 K) to 500°C. Silicon carbide single MOSFETs remained fully operational over a 700-°C wide temperature range and exhibited stable I-V characteristics. The circuits that include operational amplifier (op-amp), 27-stage ring oscillator, and buffer were tested and shown to be functional up to 500°C with relatively small performance variation between 300°C and 500°C. High-temperature evaluation of these circuits confirmed stable operation and survivability of both the ring oscillator and op-amp for more than 100 h at 500°C.
I. INTRODUCTION
A S A WIDE band gap semiconductor, silicon carbide (SiC) is a reliable material for integrated circuits that can replace or complement silicon and silicon-on-insulator (SOI) for space exploration, oil and gas down-hole control and instrumentation, and geothermal application. Among different SiC-based circuits, JFETs [1] , [2] and BJTs [3] , [4] have been reported as candidate technologies for extreme temperatures beyond 500°C while MOSFET based circuits have been historically limited in their maximum temperature due to the presence of gate oxide interface leakage [5] . With recent improvements in gate oxide fabrication [6] , MOSFET based integrated circuits now have the potential for high temperature electronic applications previously only suitable for JFET or BJT devices. While the complexity of SiC integrated circuits is growing rapidly, the long term stability at high temperatures has become a major industry requirement. In this letter, for the first time, test results from enhancement mode MOSFET based SiC integrated circuits including an operational amplifier (op-amp) and ring oscillator are presented which indicates MOSFETs with high quality SiC oxide interface can provide stable operation at temperatures up to 500°C. Also, single MOSFETs and buffer circuits were evaluated at temperatures as low as −193°C (80°K) to demonstrate the full temperature range capability of SiC MOSFET-based integrated circuits without carrier freeze-out. 
II. DEVICE DESIGN AND FABRICATION
Top view photograph of fabricated MOSFET-based ring oscillator circuit is shown in Fig. 1 . These circuits were formed on a p-type epitaxial layer with doping concentration of 1 × 10 17 cm −3 grown on Si-face, 4°-off axis, N + 4H-SiC substrates. Source and drain regions of MOSFETs were implanted with nitrogen, and a p + body contact region was formed using an aluminum ion implant. The SiC surface was capped with a graphite layer, and the implants were activated at 1675°C for 30 minutes. A 500 Å thick gate oxide was grown thermally at 1250°C in N 2 O with a post oxidation NO anneal. Poly silicon was deposited, doped n-type with POCl 3 and patterned to form the gate electrode. Next, 550 Å Ni was deposited over the source and drain regions for ohmic contacts. The ohmic contacts were annealed at 1050°C for 3 minutes to form low resistance contacts. Finally, a titanium, tungsten and gold metal stack was deposited as bond pad contacts and metal interconnects. The design and fabrication of the SiC integrated circuits followed techniques outlined in [7] . It has been previously reported that for MOSFET based integrated circuits, all-FET design is advantageous compared to the enhancement mode MOSFET and n-channel resistors because for the all-FET design, the device parameters were found to drift in the same direction with temperature. This led towards a robust design capable of stable operation over a wide temperature range [7] . Therefore, in this letter, a ring oscillator circuit and op-amp were designed using the all enhancement mode NMOS approach. The op-amp circuit which consists of 4 differential gain stages [8] followed by output stage is composed of 25 transistors and has the area of 8.7 mm 2 . In this design, MOSFETs gate terminals were biased up to 20V that corresponds to maximum oxide field of 4MV/cm on each transistor. The ring oscillator is a 27-stage inverter chain in a loop followed by a buffer circuit and is composed of 54 transistors. The buffer is a series of 4 inverters with 0741-3106 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. increasing device size, designed to drive an external load. The op-amp and ring oscillator were die-attached using eutectic Au-Sn preform and wired-bonded in a side-brazed ceramic dual inline package (DIP) and biased inside the oven and monitored during high temperature stressing. For low temperature evaluation, die level circuits were tested in a probe station with liquid nitrogen purge.
III. RESULTS AND DISCUSSION
Full temperature range operations of enhancement mode MOSFET (with 30µm channel length at Vd = 0.1V) along with extracted mobility values are demonstrated in Fig. 2 . It can be observed that MOSFETs have stable operation over wide temperature range from −193°C to +500°C with increasing drain current at higher temperatures. This behavior which is in agreement with previous observations [5] , is due to increase in channel mobility and decrease in threshold voltage at higher temperatures.
The ring oscillator circuit is a 27-stage inverter in a loop chain and upon biasing the circuit, the output starts to oscillate. Due to the series connection of the inverter stages, any failure in a single stage makes the oscillation stop and therefore successful operation of the circuit requires functionality of all stages. The dependence of the ring oscillator frequency to the temperature and bias voltage is shown in Fig. 3 . It can be observed that by increasing temperature, the frequency at 5V is changed from 1 kHz at room temperature to 41 kHz at 500°C. Also larger bias voltage can increase the output frequency due to availability of higher currents. The open loop gain frequency response of op-amp at room temperature and up to 500°C is shown in Fig. 4 . The op-amp small signal gain was measured using a network analyzer from 10 kHz to 1 MHz. The RF input is applied to the V+ terminal, and the output is low-passed filtered before feeding back to the V− terminal to bias the circuit. The inputs are monitored with an oscilloscope to measure the input offset voltage. It can be observed that the gain of the circuit increases with temperature because higher current drive is available to the op-amp at elevated temperatures.
Due to a limitation of the number of probes, the low temperature functionality of SiC integrated circuit was evaluated only on the buffer section of the ring oscillator circuit. Fig. 5 shows the buffer output waveform from a 10V pulse input from −193°C (80°K) to +100°C. It can be observed that by decreasing temperature output voltage drops which is in agreement with threshold voltage increase in MOSFETs. However, the circuit shows acceptable on/off ratio even at −193°C.
Long term stability of the ring oscillator and op-amp at 500°C is plotted in Fig. 6 . For ring oscillator, the output frequency remains at 24 kHz ±10% throughout the stress. Also the frequency response of the op-amp circuit showed stable operation for more than 100 hours at 500°C. The long term stability of such circuits at 500°C demonstrates high quality gate oxide layer.
IV. CONCLUSION
Silicon carbide MOSFET based integrated circuits such as operational amplifier and a 27-stage ring oscillator have been designed and fabricated for high temperature application. The circuits successfully operated from −197°C up to 500°C and remained fully operational at 500°C for more than 100 hours.
